Autophagy is an important biology process, central to the maintenance of biology process in both physiological and pathological situations. It is regarded as a "double-edged sword"-exerting both protective and/or detrimental effects. These two-way effects are observed in immune cells as well as renal resident cells, including podocytes, mesangial cells, tubular epithelial cells, and endothelial cells of the glomerular capillaries. Mounting evidence suggests that autophagy is implicated in the pathological process of various immune-related renal diseases (IRRDs) as well as the kidney that underwent transplantation. Here, we provide an overview of the pathological role of autophagy in IRRDs, including lupus nephritis, IgA nephropathy, membrane nephropathy, ANCA-associated nephritis, and diabetic nephropathy. The understanding of the pathogenesis and regulatory mechanisms of autophagy in these renal diseases may lead to the identification of new diagnostic targets and refined therapeutic modulation.
Introduction: Current Perspectives on the Pathogenesis of Immune-Related Renal Diseases
Most immune-related renal diseases, or glomerulonephritis, frequently affect young people, often cannot be cured, and significantly lead to chronic kidney disease and end-stage renal failure, with associated morbidity and cost. In the past several years, there have been extensive researches focusing on its pathogenesis, which helps to gain increasing knowledge about cause and treatment. Traditionally, aberrant immunity is in the research spotlight for disease occurrence and progression and may also be relevant to other autoimmune diseases. Nevertheless, this organ is susceptible to various immunity-associated assaults, of which the underlying mechanisms are nowadays paid more attention to. Among these intriguing features, the process of autophagy in renal resident cells seems to serve as a protective role from certain injuries and toxic exposure, although research data are sometimes inconsistent ( Table 1 ). The regulation and function of autophagy is likely cell type and context specific ( Figure 1 ).
Research into the role of autophagy in kidney physiology and pathogenesis still remains a largely understudied field.
Overview of Autophagy
Autophagy is a universal cell biology process in eukaryotic cells. It eliminates injured organelles and biological macromolecules. It is proven to be an important and highly conservative regulation mechanism to maintain intracellular homeostasis. Compared to the ubiquitin-proteasome system (UPS) that selectively degrades short-lived proteins, autophagy prefers aged and dysfunctional cytoplasmic proteins [1] . In general, baseline autophagy in mammalian is a physiological process but can be triggered by starvation or by various conditions, including ischemic, toxic, immunological, and oxidative insults. The process of autophagy consists of two major steps: induction of autophagosome and fusion of autophagosome with lysosome (for detailed description, please refer to expert reviews, i.e., [2, 3] ). A large number of autophagy-related (ATG) proteins are involved in the process of autophagy ( Figure 2 ). ATG proteins can be divided into five groups, namely, ATG1 kinase complex (ATG1/Unc-51-like kinase (ULK) 1/2), ATG9, class III phosphoinositide 3-kinase complex (PI3KC3), ATG12 conjugation system, and ATG8 conjugation system [1] .
Autophagy in Immune Cells
Autophagy in immune cells significantly alters immune activity. In innate immunity, autophagy achieves to augment immune cell activity and helps to fight against infection. Bacteria, viruses, and parasites can be degraded by autophagy, in which autophagy plays a protective role against these patho-gens. Autophagy also restricts inflammation by interacting with certain signaling pathways and by engulfing inflammation triggers. In autophagic lysosomes, toll-like receptors (TLRs) might recognize damage-associated molecular pattern molecules (DAMPs) and pathogen-associated molecular pattern molecules (PAMPs) as autologous antigens and lead to an effective activation of immune reactions [4] , which undermines immune tolerance and leads to the development of autoimmunity [5] .
Several players in the innate immune system are regulated by autophagy to certain extent, such as macrophage and dendritic cell. Macrophage helps eliminate pathogens Table 1 : Autophagy's role in immune cells and renal resident cells.
Cell type
Role of autophagy Ref.
Immune cells

Macrophage
Helps control inflammation and contributes to caspase-independent cell death [6, 7] 
Dendritic cell
Required for virus detection, antigen presentation, and inferon production [8] T cell Promotes survival and cytokine secretion [11] 
B cell
Contributes to B cell differentiation and cell death [12, 13] Renal resident cells Podocyte Autophagy dysfunction is associated with clinical proteinuria and decreased renal function [17, 24] Capillary endothelial cell Protects endothelial from ROS [26, 27] 
Mesangial cell
Protects mesangial cell from ROS and contributes to cell survival [30, 31] TEC Promotes TEC survival and helps eliminate toxins; contributes to renal fibrosis and nephropathic cystinosis [32, 40] Figure 1 : Immune-related renal disease. Aberrant immunity, such as autoimmune diseases, is a systemic disease. These immune disruptions, such as autoantibody production, immune complex formation, and disposition, can cause damage to any organ of our body, such as the heart, the lung, and the joints. However, the kidneys are susceptible to these immune-mediated damages, which results from its unique hemodynamic characteristics, kidney-specific DAMPs, and crystal formation in the tubule system. Besides, the renal resident cells, including podocytes, glomerular capillary epithelial cells, tubule epithelial cells, and mesangial, are also found to be susceptible to immune-mediated injuries.
through intracellular digestion. Autophagy-deficient macrophage upregulates IL-18 and IL-1β production in the face of inflammatory stimulation through the TLR pathway [6] . Autophagy also contributes to caspase-independent macrophage cell death, which decreases inflammation [7] . In dendritic cells, autophagy is required for virus detection, antigen presentation, and inferon production [8, 9] . Several adaptive immune responses, such as lymphocyte development and antigen presentation, can be enhanced by autophagy activity [10] . Autophagy-mediated MHC class II presentation is a case in point. Extracellular antigens are captured into the autophagosomes of antigen-presenting cells. The autophagosome then degrades the antigens into immunogenic peptides and loads them onto MHC-II molecules to CD4+ T cells.
Accumulating evidence suggests that autophagy plays a pivotal role in T cell selection and survival. For example, in the selection of naïve T cell repertoires in the thymus, high autophagy activity in thymic epithelial cells achieves to deliver endogenous proteins to MHC-II molecules and contributes to TCR selection, consequently eliminating autoreactive CD4+ T cells [11] . Autophagy in activated T cells promotes survival and secretion of cytokines such as IL-2 and IFN-γ, thus influencing Th cell polarization.
As for B cells, autophagy plays a complex role. Unlike mature T cells, the survival of mature peripheral B cells seems not to necessarily require autophagy. On the one hand, autophagy is essential during B cell differentiation, i.e., Atg5 deletion dramatically results in B-1 cell death [12] . On the other hand, autophagy can also induce autophagy-associated cell death [13] . Therefore, B cell receptor ligation-induced autophagy might be essential in eliminating self-reactive B cells, thereby reducing autoimmunity. In addition, recent data suggest that autophagy regulates ER homeostasis to control immunoglobulin (Ig) secretion in plasma cell, and yet deleting Atg5 can lead to excessive Ig production [14] .
Autophagy in Renal Resident Cells
4.1. Podocytes. Terminally differentiated podocytes are susceptible to various insults. From the perspective of pathology, the loss of podocytes is considered a key feature in progressive glomerular disease. Podocyte injury is the key factor in proteinuria, and loss of podocytes by cell death or detachment is a critical step for the progression of glomerular diseases and aging [15] . Autophagy appears to "monitor" the quality of podocytes under physiological and pathophysiological conditions. Podocytes from patients with minimal change disease (MCD) showed higher levels of Beclin 1-mediated autophagic activity than those from patients with focal segmental glomerulosclerosis (FSGS) [7, 16] . Furthermore, a high level of autophagy in podocytes of MCD patients often predicts a stable disease status, while MCD patients with decreasing levels of autophagy progressed to FSGS [17] .
Loss of autophagy in podocytes results in a markedly increased susceptibility to various models of renal disease. Recent study showed that mice with Atg5 or Atg7 loss-offunction mutation developed histological and clinical characteristics of human FSGS. Silencing Atg5 or Atg7, respectively, also showed significant podocyte alternations. One day postnephrectomy, mice with Atg7-deficient podocytes exhibited much higher proteinuria, as well as foot process effacement and podocyte loss in renal biopsy [18] . Podocyte-specific Atg5 knockout mice developed mild proteinuria by 8-12 months of age and defunction to degrade damaged mitochondria via mitophagy [19] . Inhibiting autophagy by silencing other ATG genes also undermines podocyte functions. Mice with podocyte-specific deletion of Vps34 developed early proteinuria, progressive glomerulosclerosis, and renal failure by 9 weeks [20] . Podocytes from these knockout mice displayed a phenotype of impaired autophagic flux with accumulation of enlarged vacuoles, suggesting that Vps34 participates in maintaining autophagic flux in podocytes. Similarly, podocyte-specific prorenin receptor-(PRR-) knockout mice developed nephritic syndrome within 2-3 weeks after birth and died by the 4th week. Electron microscopy revealed that the mice displayed progressive podocyte damage with foot process effacement and vacuolation and podocyte cell death [21, 22] . Dramatic accumulation of ubiquitinated protein and ubiquitin-binding scaffold protein p62/sequestosome 1 (SQSTM1) further suggested a block in autophagic clearance of the ubiquitinated protein aggregates [23] . Taken together, these studies highlight the particular importance of autophagy as a key homeostatic mechanism for podocytes under physiological and stress conditions. Modulating mTOR to alter autophagy activity also influences podocyte structure and function. Podocyte-selective knockout of the Mtor gene mice developed proteinuria at 3 weeks of age with progressive podocyte damage and ultimately end-stage kidney failure by 5 weeks of age [24] . Similarly, in immortalized human podocytes, treatment with mTOR inhibitor rapamycin induced incomplete autophagy, showing a favorable cytoprotective effect. However, mTOR is also required to regenerate functional lysosomes and completion of autophagic process [25] . Thus, prolonged activation of mTOR may lead to lack of autophagy substrate, causing autophagy insufficiency. Given that disruption of the autophagic pathway may play a role in the pathogenesis of proteinuria, therapy with mTOR inhibitors can lead to both favorable and unfavorable consequences regarding to different time duration.
In short, autophagy is essential in podocyte survival and physiological functions. Blocking autophagy by inhibiting ATG5, ATG7, mTOR, Vps34, and PRR leads to podocyte cell injury, death, or dysregulated function and ultimately leads to decreased renal function ( Figure 3 ).
Endothelial
Cells of the Glomerular Capillaries. In a report of cultured cells from Fabry disease, cells from patients showed increased autophagy with a higher basal level of LC3. In the study, renal biopsies were obtained before and after 3 years of treatment. It showed that vacuole accumulation in endothelial cells and mesangial cells was drastically decreased after a 3-year therapy [26] . These data suggest that impairment in endothelial cell autophagic processes may contribute to Fabry disease in endothelial cell injury.
Recent study also demonstrated that autophagy protected glomerular endothelial cells in reacting to reactive oxidant species (ROS) [27] . Glomerulus endothelial and hematopoietic cell-specific Atg5-deficient mice presented with abnormal morphology in glomerulus and ROS accumulation, which can be attenuated by administration of ROS scavenger. These data suggest that autophagy in epithelial cells protects the glomerular capillary from oxidative stress and maintains its integrity. 4.3. Mesangial Cells. Glomerular mesangial cells are located in the centrilobular region called the mesangium, providing support for the glomerular structure as well as regulating glomerular filtration [28] . Mesangial cells also produce extracellular matrix that makes up the mesangium, in maintaining the homeostasis of kidney interstitial. However, they can also act as a deterioration factor in the development of a number of glomerular diseases, i.e., IgA nephropathy. When the kidney suffers from progressive kidney disease, mesangial cells proliferate and produce excessive extracellular matrix, leading to the development of glomerulosclerosis and kidney fibrosis.
It was observed that cadmium induced both autophagy and apoptosis in mesangial cells. But autophagy blockade resulted in increased cell viability without affecting apoptosis, suggesting that autophagy plays a role in cell death in mesangial cells exposed to cadmium [29] . It was reported that cadmium induced autophagic cell death through a calciumextracellular signal-regulated kinase-dependent pathway and, in part, through increased reactive oxygen species (ROS) production and activation of glycogen synthase kinase-3b (GSK-3b) [30] .
Autophagy also contributed to survival of mesangial cells. Under the condition of serum deprivation, mesangial cells undergo apoptosis. Transforming growth factor-β1 (TGF-β1) promoted autophagy and enhanced cell survival by inhibiting mesangial cells from undergoing apoptosis. LC3 -/mesangial cells abrogated TGF-β1 rescue from serum deprivation-induced apoptosis, indicating a cytoprotective role of autophagy in mesangial cells [31] . Autophagy also plays a role in downregulating the production of matrix in mesangial cells by accelerating the process of degrading intracellular type I collagen (Col-I) produced by mesangial cells [31] . Beclin 1 +/mice presented with significantly increased collagen deposition in the kidneys. Mesangial cells isolated from Beclin 1 +/mice or transfected with Beclin 1 siRNA-expressed higher basal level of Col-I. Also, mesangial cells that were treated with an autophagy inhibitor showed an increased Col-I protein level. Accordingly, treatment with trifluoperazine, an inducer of autophagy, resulted in a decreased Col-I protein level induced by TGF-β1.
Consequently, it is suggested that autophagy may constitute an adaptive mechanism to glomerular injury by inhibiting apoptosis and promoting mesangial cell survival. The findings also implicate a novel role of autophagy as a cytoprotective mechanism to negatively regulate and prevent excess collagen accumulation in the glomeruli and hold promise for a new therapeutic target to mitigate pathogenesis of glomerulosclerosis and fibrosis.
Renal Tubular Epithelial Cell (TEC)
. Unlike podocytes, tubules display a low level of basal autophagy under normal conditions. Mice with Atg5 deletion in proximal tubules gradually developed deformed mitochondria and accumulation of cytosolic inclusions, leading to proximal tubular cell hypertrophy and eventual degeneration. Mice with Atg5 deletion in distal tubules also displayed a significant accumulation of p62/SQSTM1 and oxidative stress markers, without significant alteration in kidney function up to 12 months of age [32] . Atg5 deletion in the entire tubule system resulted in accumulation of p62/SQSTM1 throughout the tubular segments, and at 5 months, there was a significant increase in serum creatinine [32] . Therefore, while ATG5 deficiency solely in proximal or distal tubular cells did not cause significant renal dysfunction, ATG5 deficiency in all tubule segments caused impairment of kidney function, suggesting tubular autophagy is important in the preservation of kidney function.
In facing exposure to environmental toxins, activated autophagy is also observed in the tubular cells. Upregulation of autophagy before apoptosis was detected in the proximal tubules of mice injected with cisplatin. Inhibiting autophagy enhanced the activation of caspases and apoptosis in cisplatin-treated proximal tubular cells. It suggested that autophagy protected tubular cells from apoptosis [33] . Proximal tubule-specific autophagy-deficient mice developed more severe AKI and increased apoptosis after cisplatin treatment [34, 35] . Moreover, autophagy-deficient proximal tubules exhibited with increased DNA damage, p53 and c-Jun N-terminal kinase (JNK) activation, and accumulation of toxic protein aggregates and ROS after cisplatin treatment. Similar phenomenon is also observed when TECs are treated with aristolochic acid or cyclosporin A. Autophagy activity is activated when toxin is administrated, and suppressing autophagy induced a higher level of apoptosis [36] [37] [38] .
In models of obstructive nephropathy induced by unilateral ureteral obstruction (UUO), it was observed that mTOR was inhibited and cell autophagy activity was enhanced in order to remove abnormal intracellular components. Similarly, autophagy is confirmed as a protective role in the face of renal I/R injury. It demonstrated that blocking autophagy enhanced hypoxia-induced apoptosis in cultured renal proximal tubular cells [35] . Studies using mice with conditional Atg5 or Atg7 gene deletion in the proximal tubule confirmed that autophagy protected the proximal tubule from I/R injury. These results provide further support for the cytoprotective role of autophagy in the tubules.
In other circumstances, autophagy in the tubules serves as a contributing factor to the disease development. Another UUO model in mice revealed that autophagy is associated with renal fibrosis. Inhibiting autophagy resulted in suppressed renal fibrosis through downregulating profibrotic factors [39] . Nephropathic cystinosis is one of the lysosomal storage diseases that characterized with an abnormal function of the kidney tubules and progressive development of renal insufficiency. It was observed that autophagy was upregulated in these patients' fibroblasts and proximal tubular cells [40] . The apoptosis rate of proximal renal TECs of cystinosis can be reduced by inhibiting autophagy. Sodium arsenite induced autophagic cell death in renal tubular cells both in vitro and in vivo, and suppression of autophagy attenuated cell death. Autophagy is also implicated in the cytotoxicity of nanomaterials in proximal tubular cells. Cell death induced by fullerenol exposure at millimolar concentrations was associated with cytoskeleton disruption, autophagic vacuole accumulation, and mitochondrial dysfunction. Furthermore, autophagy inhibitor 3-MA ameliorated loss of mitochondrial membrane potential and ATP depletion, suggesting that autophagy may contribute to fullerenolinduced cell death.
In summary, autophagy is activated in various forms of renal tubular injury. At the current stage, the precise role of autophagy in tubular injury response and the pathogenesis of kidney fibrosis is not well understood. Some studies have investigated how autophagy is involved in the tubule pathogenesis yet findings seemed contradictory. There have been studies that provided evidence to support a cytoprotective role, and others that support deleterious effects of autophagy, which may suggest a context-dependent characteristic. Different types and severity of injuries may produce different outcomes of autophagy. For example, a certain degree of autophagic activity can maintain tissue homeostasis, while higher or excessive autophagic activity leads to apoptosis. Future investigations, for instance, by using targeted autophagic gene knockout mice, are necessary to elucidate the precise functional role of autophagy in tubular injuries.
Autophagy in Human Immune-Related
Renal Diseases 5.1. Lupus Nephritis (LN). Systemic lupus erythematosus (SLE; lupus) is a chronic autoimmune disease characterized by production and deposition of autoantibody, damaging multiple tissues and organs. One of the most common and severe complications is lupus nephritis (LN), presenting with proteinuria, hematuria, hypertension, and chronic kidney disease. Early renal involvement of SLE patients often indicates a poor prognosis [41] . More recent studies have revealed that dysregulated autophagy in certain cells are involved in the pathogenesis of LN (Figure 4 ). Neutrophils release neutrophil extracellular trap (NET) to restrict the invasion of infectious pathogens. NETs include condensed chromatin and neutrophil proteins, and failing to remove NETs in time might result in autoantibody production. SLE/LN patients exhibited with significant impairment in NET degradation. Consistently, these patients had higher titers of anti-dsDNA antibodies [42] . MTOR inhibitortreated neutrophils presented with a higher level of autophagy activity and NETs [43] . Thus, we may associate an increased level of autophagy with its impairment in degrading NETs, which may result in the exposure of intracellular antigens to trigger the production of autoantibodies.
A study observed an increased LC3-II expression in spleen and kidney macrophages from lupus mice. Transfer of Beclin-1 knockdown macrophages into macrophage-free lupus mice relieved renal pathological severity, decreased anti-dsDNA titer, and declined urine protein [44] . It indicated that autophagy in macrophage may assist LN development, yet the underlying mechanism deserves further investigation.
As for the renal resident cells, it was reported that podocytes were able to take up SLE patients' anti-dsDNA antibodies, subsequently initiating autophagy to degrade these intracellular aggregations. Chemical inhibition of autophagy in podocytes results in the accumulation of dsDNA antibodies and consequently cell injuries [45] . Likewise, in both lupus mice and human biopsy samples, it was reported that autophagy is only activated in podocytes [46] . Inhibition of autophagy, using 3-MA or ATG5-silencing, resulted in decreased podocyte functioning and increased podocyte layer permeability. Yet, rapamycin treatment to activate autophagy could alleviate podocyte injury.
However, another drug, namely, P140, a spliceosomal peptide, suppresses autophagic flux and increases the LC3 level in B cells. Administration of P140 in lupus-prone mice reduces proteinuria and decreases titer of anti-dsDNA antibodies [47] . Although P140 and rapamycin exhibit opposite effect on autophagy [48] [49] [50] , they both achieve to attenuate the severity and symptoms of LN. Hence, it indicates that autophagy involves in the development of LN in a complicated way, which is in need of more researches to obtain the full picture and a better target to treat SLE and LN. Autophagy deficiency in macrophagy leads to DNA exposure of NET, which activates adaptive immunity and produces anti-dsDNA antibodies. Autophagy dysfunction in podocytes fails to clear the autoantibodies, which subsequently binds to DNA fractions of NETs, forming immune complexes. These immune complexes will damage kidney and cause nephritis in lupus.
IgA Nephropathy (IgAN).
In an earlier paper, it was observed that there were two types of autophagy in the kidney of patients with IgAN [51] . The first type of autophagy, defined as type I autophagy, has a condensed ribosome area with few lipid droplets and a limiting membrane originated from injured mitochondria. Type II autophagy characterized in a condensed ribosome and more lipid droplets, with a limiting membrane from rough ER. In the more recent study, it suggested that type I autophagy occurrence might predict a worse prognosis in IgAN [52] . However, the translational significance of autophagy in renal biopsy still need to be confirmed.
Membranous Nephropathy.
In an experimental membranous nephropathy rat model, "passive Heymann nephritis," ER stress, and autophagy upregulation were observed in podocytes. A recent study also reported that mTORC1 was negatively correlated with autophagy in the passive Heymann nephritis model, where glomerular mTORC1 signaling activation and autophagy downregulation corresponded. Analysis with renal biopsy sample showed increased LC3-positive autophagosomes from patients with membranous glomerulonephritis [19] . ATG3 mRNA was also observed to be significantly higher in microdissected glomeruli from patients with FSGS and membranous glomerulonephritis compared to that in normal controls (pretransplant allograft biopsies).
ANCA-Associated Nephritis (AAN)
. ANCA-associated vasculitis (AAV) is an autoimmune disease that targets perivessel tissues and vessel walls of internal organs, characterized with the presence of antineutrophil cytoplasmic antibody (ANCA). The involvement of the kidney in AAV is termed ANCA-associated nephritis (AAN). Patients with AAN often present with hematuria, proteinuria, and cylindruria and might progress rapidly into end-stage renal disease [53] . There were also researches associating AAN with autophagy dysfunction. It was reported that neutrophils treated with ANCA presented with a higher level of autophagy and released more NETs [54] . Anti-LAMP-2 antibody-treated human neutrophils also exhibited with higher activity of autophagy and decreased apoptosis rate. These effects were attenuated by autophagy inhibitors but not by apoptosis inhibitors [55] . Thus, it may be possible that ANCA-stimulated NETosis is closely regulated by autophagy activity.
Diabetic Nephropathy (DN)
. Dysregulated autophagy has been suggested to play important pathogenic roles in a variety of disease processes. Inhibition of autophagy was observed in DN rat kidney as well as in type 2 diabetes patient renal biopsy. Possible mechanisms include overactivation of the mTOR pathway, AMPK activation, and decreased expression of silent information regulator 1 (SIRT1). High glucose level mediates the regulation of mTOR, AMPK, and SIRT1, the three nutrient-sensing signal pathways, which all result in the inhibition of autophagy. Inhibition of autophagy might fail to clear AGEs, ROS, or induce ER stress and even-tually leads to kidney fibrosis. Therefore, autophagy serves as a protective role in the pathogenesis of DN.
5.6. Kidney Transplantation. During and after the transplantation surgery, the donated kidney often faces with various challenges, such as ischemic-reperfusion injury (I/RI) and rejection [56] . Several observations indicate that the kidney exhibited increased activity of autophagy after I/RI. However, it is still under debatable on whether autophagy plays a protective or detrimental role. Neither chemical modulation, such as 3-MA and chloroquine, nor genetic inhibition of autophagy, such as siRNA against Atg5 and tubule-specific Atg5 knock-out mice, shows consistent results [32, 35, 56, 57] . One possible reason is that autophagy often displays a dynamic and transient nature, which complicates the comparison between studies where researchers analyzed different durations of I/RI. Moreover, crosstalk of autophagy with other cell death pathways often results in unwanted and even unknown effects. For example, regulating the Bcl-2 protein family not only influences the activity of autophagy but also affects apoptosis since it is also an antiapoptosis protein [58, 59] . Current perspective holds that autophagy switches its role in the development of I/RI, depending on the duration and severity of I/RI [60] . It proposed that in the beginning of I/RI, autophagy is upregulated to exert a protective role against I/RI. When I/RI continues, autophagy increases and reaches a level that starts to contribute to the progress of I/RI. It provides a possible explanation that protective and destructive roles of autophagy are both observed in I/RI, yet further researches are needed to support this hypothesis. Immune tolerance is another important factor that determines the allograft survival. In general, immunologic tolerance of the allograft includes autoreactive effector T cell deletion and the upregulation of Treg functioning [61] . Pim-2, a Pim family kinase, is found in alloreactive effector T cell and favors its survival and proliferation [62] . It was reported that the Pim-2 level was positively correlated with the severity of allograft rejection and that inhibition of Pim-2 prevented the rejection [63] . Interestingly, T cell regulation, which leads to immune tolerance, is found to be associated with autophagy. In autophagydeficient mice that follows CD40-CD154 costimulatory blockade, T cell proliferation was enhanced and INF-γ production increased, leading to MHC-mismatched allograft rejection [64] . Treatment with rapamycin [65, 66] leads to a higher autophagy level and higher biological quality of Tregs. And higher Treg number is modestly associated with better renal function and lower serum creatinine [66] . It suggests that autophagy regulates T cells to induce immune tolerance and promote allograft survival.
To sum up, in either I/RI or immune rejection that the allograft might face, autophagy achieves to exert its effect, yet its exact role still remains investigation. In current clinical practice, rapamycin, as an autophagy activator, is frequently used to reduce allograft rejection. Hence, autophagy still appears to play a protective role on allograft survival in general. It is possible that autophagy is a double-edge sword in this circumstance and that its protective role outweighs its harmful one, which results in allograft prolonged survival. Nonetheless, researches are needed for further elucidation.
Perspectives: New Diagnostic and Therapeutic Targets
Undoubtedly, autophagy seems to be a promising target for certain renal disease treatments. There are, however, obstacles that need to be solved before therapy can be used in the clinical setting. Current autophagy inhibitors, including chloroquine, bafilomycin, rapamycin, and 3-methyladenine, affect more than just autophagy, therefore, it may end up paradoxically to be a deterioration to the sick kidney. More specific and selective autophagy modulator is needed to overcome this dilemma. Moreover, long-term modulation of autophagy might not be as effective and safe as intermittent regulation. The AMPK inducer metformin might meet this requirement, yet inadequate clinical data limits its further application. Another challenging is that the result of modulating autophagy is pretty uncertain, depending on several complex factors such as timing, duration, and intensity of autophagy induction. Under different circumstances, the exact same modulation of autophagy might end in either renal protection or renal cell apoptosis. Therefore, further studies are needed to determine an appropriate condition and therapeutic window where autophagy modulation would yield protective effects. The ability to monitor autophagy in the clinical setting as both a diagnostic tool and a therapeutic guide is still unsolved. Since autophagy is dynamic in its nature, regulated within short-lived and unstable protein-protein binding, it is virtually impossible to capture the dynamic autophagy flux using static biopsy specimens, which is incompatible with routine diagnostic tools.
Concluding Remarks
In summary, autophagy is activated in various forms of immune-related renal diseases. At the current stage, the precise role of autophagy in renal injury response and the pathogenesis is not well understood. There have been studies that provide evidence to support a cytoprotective role of autophagy, and others that support deleterious effects of autophagy. It is plausible that it is context dependent. The difference in the types of injuries and severity of injuries may produce different outcome of autophagy, in that, a certain degree of autophagic activity can maintain tissue homeostasis, whereas excessive autophagic activity results in cell death. Future investigations, for instance, by using targeted autophagic gene knockout mice, are necessary to elucidate and clarify the precise functional role of autophagy in immune-related renal diseases.
